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INTRODUCTION
summer. This area, which is the most influenced by upwelling, is generally the only one considered [l 9 11~ 16, 241. Nevertheless, upwelling is also present in the northernmost area, affecting the area of Prior Cape, east of the Atiabro Gulf. Recently, the meso-scale characteristics of upwelling off the Galician coast have been described in accordance with silicon data on sediment and water column ' [22] . These authors indicated that:
(1) Galician upwelling to the north of Cape Finisterre is discontinuous and remains distant from the coast, being near to the edge of the continental shelf and (2) upwelling in the proximity of Prior Cape must also be considered. For this reason, it was necessary to obtain a detailed
The Galician coast (north-western Iberian Peninsula) is a marine region affected by episodic upwelling events which occur usually between May and September. The main factors that account for eastern North Atlantic central water (ENACW) upwelling are the northern winds [16] The gulf is open to the ocean with a surface area of 1 500 km2 up to the 200 m depth isobath. These waters were studied in the first 2 weeks of August 1993, during the 'COPLA 893' research cruise. Seven sections (A-G) with 38 hydrographic stations (large dark points), plus 11 CTD (small dark points) were sampled.
description, on a loc,al scale, of upwelling at Prior Cape, which had not been performed to date. This is the main objective of this paper which, for the first time, studies the hydrographic pattern of the Artabro Gulf during summer. To date, only information related to phytoplankton in near-shore waters of the gulf is available [2, 4, 7] from the monthly monitoring 'of a permanent station (80 m depth off La Corufia), and also there are few studies in the small bay which form the Ria of La Corufia [8] within the Artabro Gulf.
AREA OF STUDY, MATERIAL AND METHODS
The Artabro Gulf is locatled in the north-western side of the Galician coast, north of Cape Finisterre and near the far western area of the Cantabrian Sea. It forms a large 46-km long arch open to the ocean and confined by the Sisargas Isles and Prior Cape (/Igum 1). The 100 m isobath roughly follows the chord of the arch and the continental slope lies some 24 km away from the ends and 36 km from its centre. In the eastern part of the gulf are the two largest Galician rias altas: the Ferrol and Betanzos rias @guve I). TJhe ne,ar Ria of La Corufia, where the river contribution is very low, may be considered as a bay within the gulf [26] .
The surveyed area covers the Artabro Gulf arch to the 200 m deep isobath, with an approximate surface area of 1 500 km*. This area was sampled during the COPLA 893 research cruise, in the RV Francisco de Paula Navarro, from 3 to 10 August 1993 [27] . Five sections (A to E, figure 1 ) and a further section inside the rias were carried out. In 49 stations, vertical profiles of salinity and temperature were measured using a Sea-Bird 25 CTD. The salinity sensor calibration was verified with seawater samples and an 'Autosal' salinometer. Sigma-t was calculated from the CTD data according to the equation applied in UNESCO [25] . In 38 stations, seawater samples were taken using 'General Oceanic' 5 L-Niskin bottles, with the sequence 0, 5, 10, 20, 30, 40, 50, 60, 75, 100, 125, 150, 175 and 200 m depth in the coastal zone, and 0, 2, 4, 6, 10, 15 and 20 m depth in the rias. Nitrates were analysed using a 'Technicon AA11 autoanalyser, according to the method 'by Hansen and Grasshoff [15] . For chlorophyll analysis, 250 mL of water were passed through Whatman G/F glass filters, which were then treated with 90 % acetone for 24 h. Chlorophyll was measured by fluorometiy, according to Yentsch and Menzel [28] , using a Turner Designs fluorometer.
RESULTS AND DISCUSSION
The hydrography of the Artabro Gulf performed in summer must be understood in terms of three main factors: the local upwelling off Prior Cape, the influence of ENACW and the rias-water exchange.
Prior Cape upwelling
Upwelling takes plaice in the far eastern areas of the Artabro Gulf, in the proximity of Prior Cape. This upwelling has not been described to date, and is one of the main characteristics of the hydrography in this area during summer. Its plume, as typical in upwelling areas, is well defined by a surface isotherm map @gure 2). A decrease in water temperature from 19 to 15 "C, i.e. 4 "C in 18 km is observed. Minimum temperatures are detected near the cape, continuing westward, parallel to the arch of the gulf. The thermal front is, then, near the coast and does not cross the continental margin, i.e. it is a platform-based upwelling. Both characteristics were predicted by Prego and Elao [22] in terms of the silicate cycle in upwelling off the Galician coast. Upwelling off Finisterre is different; it is more extensive and crosses the continental margin [l l] as shown by the satellite image (figure 2) obtained 1 week prior to the COPLA 893 cruise. The isotherm map highlights a further fact: the presence of an 'upwelling shadow area' within the Artabro Gulf. The rias in this area are isolated from the front, and upwelling does not reach them. This is yet another difference between these rias and those south of Finisterre where upwelling not only reaches the coastline [ 11, 221, but also penetrates the rias, accelerating its positive estuarine residual circulation [20] . Consequently, upwelling off Prior Cape and its influence within the Artabro Gulf is strongly affected locally by topographic features of the coastline, as occurs, although to a lesser extent, in the area surrounding Cape Finisterre [ 11.
The plume of the upwelling at Prior Cape is also very clearly defined if chlorophyll distribution is considered (fisure 2). Chlorophyll acts as a tracer due to phytoplanktonic activity in response to upwelling. The line of maximum relative chlorophyll values well concords with the line of minimum relative temperature @gure 2). There are some higher values (5 mg.mm3 Chl a,figuYe 2) comparable to other areas in Galicia [3, 91.
The wind system accounting for upwelling off Prior Cape is the result of the prevailing meteorological conditions in the north of the Atlantic Ocean. Figure 3 shows the posi- tion of the high and low pressure areas in western Europe, both prior to and during the COPLA 893 cruise. Low pressures over the &itish. Isles maintained their position during the first fortnight of August due to the continuous arrival of storms. Therefore, north-east winds prevailed in the Galician Sea with speeds ranging from 4 to 9 m%' cfigure 3). These winds alre the most common in the area in summer @gure .3). Consequently, the wind-induced topographical upwelling described is the first hydrographic pattern of the Artabro Gulf, most commonly occurring in summer, but showing some variations depending on the wind intensity or direction (north or north-east). 35.75 Sea. North of the front, this water mass would occupy a subsurface position. Between the front and the Artabro coast there is a water influenced by ENACW, which is also found in the rias, as suggested by their more saline TS ( figure 4) . Consequently, the water upwelling off Prior Cape is different to that of Finisterre upwelling, showing yet another difference between both phenomena.
The Artabro Gulf would be the place of confluence for both water masses off the coast. In a section parallel to the coast (see lower map, figure 5 ) water with a higher saline content is observed to the west towards the area where it should be moving due to the arrival of a less dense, saline surface water coming from the Cantabrian Sea (j?gure 5). During upwelling events, the surface Cantabrian water is transported westwards [6] with the ENACW, appearing below it with maximum salinity. Its flow would originate and would maintain the instability of the density present in the area (see lower map, figure 5 ). It was previously highlighted [14] that there was a penetration of ENACW, (50-100 m depth), on ENACW,, beyond the Galician Shelf.
An important fact occurring in the Artabro Gulf, derived from these events., is that the confluence of both ENACWs extends the front to the west of the gulf (station 10, figure 1 ). At this point, the effect of the Prior Cape coastline on ENACW, (Section E, figure  6 ), is replaced by ENACW, (Section B, figure 6 ). In this manner, the frontal zone of the Artabro Gulf is arch-shaped and may be considered as the sum of the two phenomena generated by the wind, one more intense due to Prior Cape, and the other produced by the confluence of the two ENACW. Where both coincide, there is a minimum temperature (station 15,figure 2), and subsurface maxima of chlorophyll appear [27] .
Consequently, a second hydrographic pattern in the Artabro Gulf woulld be the presence of two different ENACW. Within the gulf, their relative influence of these water masses may vary depending on the intensity of upwelling occurring in the Finisterre and Prior Cape areas. Although reference is normally made to Finisterre as being the centre of upwelling phenomena, this actually occurs further north, between Finisterre and the Sisargas Isles. Therefore, the eastern edge of Finisterre upwelling should affect the Artabro Gulf. This would be the northerly coastal limit of this upwelling which has, to date, not been documented in detail. The presence of ENACW, and surface waters from the Cantabrian Sea mean that this gulf is also the western coastal limit of Cantabrian waters throughout the year since, in winter, the polar current flows northward, reaching the Cantabrian coast from Portugal [5, 131.
Water exchange in the rias and the upwelling shadow zone
Upwelling off Prior Cape has a secondary hydrographical effect due to the existence of the Artabro Gulf. The eastern coastal water of the Artabro Gulf remains practically isolated, thus generating an 'upwelling shadow zone' affecting the rias of Ferrol, Betanzos and La Corufia (Artabro rias). This woulld comprise a third hydrographic pattern of the Artabro Gulf. Their rias are distant from the front and the water circulation does not introduce upwelled ENACW, inside the Artabro rias. This is contrary to the case of the Rias Bajas, lying south of Finisterre, which receive ENACW, during upwelling events [20] .
The water present in the subsurface layer in the Artabro rias is more saline than the upwelled seawater and, as shown in the TS diagram @gure 4), this would be affected by the influence of ENACW,. The surface water (upper left hand corner of the TS infigure 4) at the mouth of these rias has a Iower salinity due to the river contribution. This fact highlights its influence on the adjacent coastal zone where a less saline, warmer water exists (fisure 7 and Section D in figure 6 ). This water is held against the coast due to the upwelling effect. Since this is less dense, however, it tends to lie on the upwelling water, breaking the continuity of isopycnes of 26.4 @gure 5). In a similar zone off the tias Bajas, a maximum remineralisation is formed [19] due to the exportation of particulate organic matter (POM), marked by a subsurface maximum of nitrate (12 PM, according to 1211). In the case of the Artabro rias, there appear to be two subsurface maximum of nitrate, one near the mouth of the rias (8 yM, station 38, $gure 7) with POM originating in R. PREGQ, M, VARELA them, and another (> 7 @VI, stations 15 and 21, figure 7 ) with POM falling from the upwelling area. These nitrate concentrations could not be due to upwelling since there is only 4 yM in Prior Cape (figure 7). Both maxima would mark the upwelling limits and the influence of the rias.
The 'shadow upwelling zone' described earlier has important consequences in the fertilisation of the Artabro rias. It contributes to clarify why the fertilisation process is greater in the case of the Rias Bajas [21] than in the rias of the Artabro Gulf. The different level of fertilisation in both sets of rias would also be related to the differing presence of red tides in the rias. The first two steps in the formation of a red tide in any ria (high production due to upwelling and high remineralisation; [8] ) are avoided due to the presence of the shadow upwelling zone. Therefore, it seems possible to justify the far lower incidence of red tides in the Artabro rias relative to the Bias Bajas.
Circulation scheme
The main hydrographic pattern in the Artabro Gulf could be summarised as follows: 1) the frontal zone, 2) the ENACW influence areas and 3) the isolated rias water.
The vertical profiles of isotherms in the five sections provide complementary information yigure 6) and give a good overview of dynamic hydrography in the gulf. Section E corresponds to Prior Cape where the water upwells. A similar situation is observed in Section D where a temperate outgoing water from the rias appears. This water should divert westward due to the presence of the front and must be the cause of downwelling shown by the fall in the isotherms prior to upwelling. Neither does water enter subsuperficially into the rias since isotherm 13 "C remains horizontal, reaching the bottom before the mouth of the rias. This fact, along with the presence of the two maximum remineralisations mentioned earlier, suggests the existence of a double cell flow, apart from the upwelling cell yligzwe 8).
Further details can be deduced from Section B figure 6 ) where the 13 "C isotherm is not horizontal, pointing to the retention of coastal water and the confluence of the two ENACW. Station 9 presents a minimum of nitrate (2 PM) and chlorophyll (figures 2, 7). All this, along with the data on salinity, temperature and density (figures 2, 5, 7), suggests the existence of a clockwise-moving eddy that concentrates poor surface water.
The final result is the overall diagram in figure 8 which, in agreement with the meteorological conditions, must be a typical situation in the north Galicia coast during summer upwelling events.
CONCLUSIONS
The Artabro Gulf zone is a complex hydrographical area during summer upwelling events since 1) it is under the influences of two different ENACW, 2) Prior Cape upwelling occurs and 3) water exchange processes between the Artabro rias Ferrol, Betanzos and La Corufia and the adjacent coastal platform.
A local wind-induced upwelling occurs in the proximity of Prior Cape where ENACW, is upwelled. Except in the cape neighbourhood, the frontal zone lies off the gulf coastline but inside the continental shelf. The upwelling area is strongly influenced by the topographic presence of the Artabro Gulf, so these rias remain isolated from upwelling as opposed to what occurs south of Cape Finisterre where the upwelled ENACWI, penetrates into the rias.
The Artabro Gulf is the place of confluence for ENAC\;V, and ENACW, water masses. The Cantabrian surface water and ENACW, in the gulf are the western limit of coastal Cantabrian Sea influence. The ENACW, presence in the gulf is the result of Finisterre upwelling. Artabro coastal water is confined near the coast, and the confluence of the two ENACWs extends the frontal zone of Prior Cape, giving it an arched shape.
